14C02 was produced. Acetate incorporation was reduced by dark incubation in short-term experiments and severely depressed by a 2-day preincubation in darkness. Autoradiograms showed that acetate was incorporated by long filaments resembling phototrophic microorganisms of the mat communities.
[3H]acetate was not converted to C3H4 in samples from Octopus Spring collected at the optimum temperature for methanogenesis. NaH14CO3 was readily converted to 14CH4 at temperatures at which methanogenesis was active in both mats. Comparisons of the specific activities of methane and carbon dioxide suggested that of the methane produced, 80 + 6% in Octopus Spring and 71 + 21% in Wiegert Channel were derived from carbon dioxide. Addition of acetate to 1 mM did not reduce the relative importance of carbon dioxide as a methane precursor in samples from Octopus Spring. Experiments with pure cultures of Methanobacterium thermoautotrophicum suggested that the measured ratio of specific activities might underestimate the true contribution of carbon dioxide in methanogenesis.
Hot-spring algal-bacterial mats represent a natural environment where thermophilic anaerobic decomposition of organic matter may be studied. Algal mats of alkaline, siliceous hot springs have also been suggested as modern analogs of the environments in which siliceous Precambrian stromatolites once formed (7, 28) . Thus, studies of their formation and decomposition may aid in interpretation of early life forms preserved as microfossils. Previous studies indicated the complete decomposition of algalbacterial organic matter (7) , but detailed studies of anaerobic decomposition are lacking (4, 37) . A complete anaerobic food chain was suggested by the observation of methane production (29) and sulfate reduction (30) as terminal anaerobic processes in algal-bacterial mats of low-and high-sulfate hot springs, respectively. This study was directed at determining the importance of immediate methane precursors in low-sulfate, hot-spring algal-bacterial mats.
Acetate and carbon dioxide appear to be the major immediate methane precursors in many anaerobic environments (17, 36) . The relative importance of these methane precursors can be compared because acetate conversion to methane occurs by reduction of the intact methyl group and not via CO2 as an intermediate (17, 25, 26, 32) . In different environments, the relative amounts of methane formed from these substrates varies (14, 17, 19, 34) . Acetate has been shown to account for 73 to 90% of the methane produced in anaerobic waste digestors, 60% of the methane formed in rice paddy soil, and 70% of the methane formed in lake sediments. Carbon dioxide has been shown to account for 14 to 30% of the methane formed in anaerobic waste digestors, 20 to 30% of the methane formed in rice paddies, and 36 to 98% of the methane formed in lake sediments. In contrast to the usual importance of acetate in methanogenesis, only 5.3% of the methane formed in the rumen was derived from acetate (21) , presumably because of its uptake by the animal.
In this paper we report that CO2 is the major source of methane in hot-spring algal-bacterial mats. Uptake by other inhabitants of this microbial community, possibly photoheterotrophs, may preclude acetate as a major methane precursor. The relative importance of CO2 as a methane precursor was determined by calculating the CH4 specific activity/CO2 specific activity ratio (14) . In some experiments, hydrogen (0.1 ml of 100% H2 [Linde]) or sodium acetate (0.1 ml to achieve a final concentration of 1 mM in an estimated 2.5-ml sample) was added as described in the Results section to enhance different methane formation reactions (34) . In some cases, vials were flushed with 02-free helium (Linde) before determination of the specific activity ratio (see Results).
MATERIALS
Isotopic selection of 12C over 14C in NaH14CO3 reduction to '4CH4 or the error in measurement of the CH4 specific activity/CO2 specific activity ratio was checked by similar additions of NaH'4C03 to pure cultures of H2-utilizing thermophilic methanogenic bacteria resembling Methanobacterium thermautotrophicum obtained from 50, 55, 60, and 65°C regions of the Octopus Spring algal-bacterial mat (Sandbeck and Ward, in preparation). Isolates were grown in a mineral salts medium with H2 as the only energy source. Incubation was at the temperature at which each isolate was obtained. Determination of the CH4 specific activity/CO2 specific activity ratio was done after 24 h, before significant depletion of CO2. Analytical methods. Gas samples were removed from the headspace of vials by using a helium flushed Glasspak syringe (Becton-Dickinson) attached to a Mininert valve (Supelco) to eliminate loss of sample owing to pressure differences. Gas subsamples (0.2 ml) were analyzed for CH4, '4CH4, C02, and 14CO2 by gas chromatography-gas proportion analysis, using a method similar to that of Nelson and Zeikus (20) . Details of the method were described by Ward and Olson (30) , except that gas concentrations and radioactivity were quantified by using a Spectra-Physics model 4100 computing integrator and a Spectra-Phys- The direct reduction of [3H]acetate to C3H4 in an anaerobic dairy cow manure digester (data not shown) indicated a method that could be used to study the reduction of the methyl group directly.
[3H]acetate was added to samples collected at 500C in Octopus Spring (the optimum temperature for methane production in this mat at the time of the experiment). C3H4 was not detected upon either short (3-h) or long (4-day) incubation (Table 3) . Nearly all of the 3H was recovered in the filtrate. Little 3H was detected in the cell fraction, presumably because the higher-specific-activity [3H]acetate had less effect than [2-'4C]acetate on the acetate concentration in samples.
Carbon dioxide as a methane precursor.
When NaH'4C03 was added to samples from both mats, 14CH4 production ensued (Fig. 2) . The CH4 specific activity/CO2 specific activity ratio indicated the fraction of methane derived from C02 reduction. However, the specific activity ratio was found to increase from about 0.5 to 0.8 in the 6 to 8 h after sample collection and NaH04CO3 addition. This increase also occurred if NaH14CO3 was added substantially after sam- ples were collected (46 h). Thus, the change did not appear to reflect changes in the relative importance of C02 as a methane precursor but appeared to be an artifact of the dispersal of radiolabel to sites where methane production occurred within the gelatinous mat sample. The following procedure was adopted in subsequent analyses. NaH'4CO3 was incubated with samples for a period sufficient to avoid initial changes in the specific activity ratio (24 h). The headspaces were then purged with helium. The specific activity of methane produced during a 3-h reincubation period was then compared with the specific activity of carbon dioxide evolved during the same period. When data from different experiments were pooled, mean specific activity ratios of 0.80 + 0.06 (twice standard error) for the Octopus Spring mat (55°C) and 0.71 + 0.21 (twice standard error) for the Wiegert Channel mat (6000) indicated that most of the methane produced in these mats was formed by reduction of C02. Similar results indicating the predominance of C02 as a methane precursor were noted at all temperatures in Octopus Spring (Table 4) .
Additional experiments were performed on samples collected at 550C in Octopus Spring to evaluate the potential contributions of acetate and C02 in methanogenesis. When H2 was added to enhance the reduction of C02 to methane, the relative importance of C02 was slightly increased (Table 5 ) (P = 0.013). This suggested that other reactions might be ongoing to account for a small amount of the methane being produced. The addition of acetate (to 1 mM) did not reduce the relative importance of C02, as would be expected if acetate were being converted to methane in these samples.
To test the error in measuring the specific activity ratio or isotopic preference of 12C02 over 14CO2, reduction of NaH4CO3 to "CH4 was '"Sterile anoxic sodium acetate (0.1 ml) to achieve a final concentration of 1 mM (assuming a 2.5-ml sample) added at the time of sampling and immediately after flushing with helium.
were found for isolates grown at 50, 55, 60, and 65°C, respectively. DISCUSSION Methanogenic bacteria have been shown to use H2, acetate, formate, methanol, carbon monoxide, and various methylamines as energy sources (1) . However, in natural environments, the predominant methane precursors are thought to be H2/CO2 and acetate (17, 36 (Fig. 1) clearly indicated that very long filamentous bacteria incorporated most of the acetate into cellular material. It is reasonable to guess that acetate was incorporated by the filamentous phototrophic bacterium Chloroflexus aurantiacus because: (i) this organism is common to both of the algalbacterial mats sampled, (ii) light/dark experiments indicated the involvement of phototrophic microorganisms, and (iii) the ability of C. aurantiacus to grow photoheterotrophically using acetate as a carbon source has been shown previously (16, 23, 24) . Pierson (35, 40) .
Despite the high relative importance of C02 in methanogenesis, specific activity ratios were always less than 1.0 (which indicates that 100% of the methane formed is derived from CO2 reduction). Other known methane precursors such as methylamines (11, 22, 31, 40) or methyl sulfides (38) might contribute to the formation of methane. Zinder et al. (39) showed the formation of methyl sulfides in the degradation of Octopus Spring algal-bacterial mats. Methaneproducing bacteria are also known to carry out one of the greatest biological carbon isotope discriminations known (17) . In an experiment to determine the specific activity ratio in pure cultures of M. thermoautotrophicum, the CH4 specific activity/CO2 specific activity ratio was 0.83 + 0.01 (twice standard error), suggesting an apparent isotopic discrimination between 12C and 14C of about 17%. A preference of 12C over 13C of 2.5 to 3.4% has been reported during C02 reduction to CH4 by M. thermoautotrophicum (9, 10).
As the mass difference between 12C and 14C is greater than the mass difference between 12C and 13C, the discrimination between 12C and 14C should be greater than that between 12C and 13C (15) . Thus, some of the specific activity dilution between 4OCH4 and 14CO2 could be explained by a preference for the lighter nonradioactive 12C.
The difference between the apparent and expected specific activity ratios in pure cultures could also be due to error in the four determinations needed to calculate the specific activity ratio. The apparent discrimination (and/or error) measured in pure cultures is sufficient to correct specific activity ratios determined in field work to near 1.0, suggesting that C02 reduction may account for nearly all of the methane produced in the anaerobic degradation of hot-spring algal-bacterial mats.
High temperature is not a barrier to microbial conversion of acetate to methane, as Zinder and Mah (40) reported the isolation of a thermophilic strain of Methanosarcina sp. capable of growth on acetate at 550C. Blue-green autofluorescence of methanogenic bacteria has been suggested as presumptive evidence for their recognition in natural materials (18) . Only rodshaped, blue-green autofluorescing cells were observed in the decomposing mat samples. In the Octopus Spring mat, the photoheterotrophic C. aurantiacus is active within the entire 1-to 3-mm photic zone because of its ability to grow at low light intensity beneath the cyanophyte S. lividus, which requires higher light intensity (2, 4, 7) . Maximum rates of methanogenesis were also reported to be in the 2-to 4-mm depth intervals in Octopus Spring (29) . The proximity of active photoheterotrophic microorganisms and anaerobic processes may lead to acetate consumption by photoheterotrophic bacteria rather than by methanogenic bacteria. It has also been suggested that acetate may not be an important energy source for sulfate-reducing bacteria in a high-sulfate, hot-spring algal-bacterial mat (30 (12, 17) .
